Abstract-This paper presents an independent operation of the rotor-side converter (RSC) and grid-side converter (GSC) for a doubly fed induction generator (DFIG)-based wind energy conversion system under unbalanced grid voltage conditions. In this paper, the RSC is controlled to achieve four different control targets, including balanced stator current, sinusoidal rotor current, smooth stator active and reactive powers, and constant DFIG electromagnetic torque. The GSC is commanded to keep the dc voltage at a constant value. Additional feedback compensators using resonant regulators for the RSC are employed, and the decompositions of the positive and negative sequence components and calculations of the rotor negative current references can be avoided. Another similar compensator is used in the GSC to suppress the dc voltage fluctuates and remove the GSC reactive power oscillations without the stator or rotor power information. The proposed method can make the RSC and GSC available to an independent operation with a simple implementation for higher reliability. The experimental results demonstrate the effectiveness of the proposed control strategy for both the RSC and GSC under unbalanced grid voltage conditions. Index Terms-Doubly fed induction generator (DFIG), independent operation, resonant regulator, unbalanced grid voltage, wind energy conversion system (WECS).
Independent Operation of DFIG-Based WECS UsingI. INTRODUCTION N OWADAYS, wind power generations have been growing rapidly all over the world and have become one of the most promising renewable generation technologies. Among the different types of the wind energy conversion system (WECS), doubly fed induction generator (DFIG)-based WECSs, as shown in Fig. 1 , have gained the increasing proportion due to the outstanding advantages, including the variable speed constant frequency operation, four-quadrant active and reactive power capabilities, smaller converters rating around 30% of the generator rating, lower cost and power losses, compared with fixed-speed induction generators and synchronous generators [1] [2] [3] [4] . H. Nian and P. Cheng are with the College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China (e-mail: nianheng@zju.edu.cn; cheng_peng@zju.edu.cn).
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Digital Object Identifier 10.1109/TPEL.2014.2346190 Normally, DFIG-based WECSs are installed in the remote areas where the rural grids are weak and voltage imbalances often occur due to the unbalanced loads and the asymmetric grid fault. As the grid imbalance appears, the negative sequence flux linkages and currents arise in both the stator and rotor windings [5] [6] [7] [8] , which results in the significant double frequency ripples in the electromagnetic torque and may shorten the mechanical components lifetime. Besides, the oscillating power, flowing through the dc link between the grid-side converter (GSC) and rotor-side converter (RSC), causes the twice frequency voltage fluctuations in the dc capacitor [8] . As a result, DFIG-based generation systems without unbalanced voltage control might have to be disconnected from the grid, which is not accepted by the new grid code [9] [10] [11] . Thus, it is necessary that the DFIG-based WECSs should have the capability to operate under a certain steady-state voltage unbalance and endure the larger transient voltage imbalance without tripping.
The operation of the grid-connected DFIG system during network unbalance has been investigated in [6] [7] [8] , [12] [13] [14] [15] [16] [17] [18] [19] . In the traditional control scheme of DFIG systems, two proportional-integral (PI) controllers were applied in the current control loop on the basis of the decomposition of positive and negative sequence components in [6] and [17] , where the current controllers were implemented in the positive and negative synchronous reference frames, respectively. Due to the time delay and control errors introduced by the decomposition of both the positive and negative sequence components, the system dynamic performance and stability might be degraded. In addition, it is necessary to decompose the measured signals to calculate the negative sequence current references even under ideal grid voltage conditions, which significantly increases the computational burden for the practical implementation. In [12] and [13] , the decomposition processes in the control loop were removed by using resonant regulators.
The current control scheme consists of a PI regulator and a resonant (R) one tuned at the double grid frequency in the positive synchronous reference frame [12] , or a proportional (P) regulator and a resonant (R) one tuned at the grid frequency in the stator stationary reference frame [13] . The different control targets during network unbalance, such as reducing current imbalances, reducing torque ripples, and removing power oscillations, were identified in [6] , [12] , and [13] . For these control targets, it is necessary to calculate the negative sequence current references based on the involved positive and negative sequential decomposition. In order to avoid the complicated negative sequence current reference calculation, the control reference of rotor voltage was calculated directly either from the calculated compensating currents [14] or from the torque ripples [15] to reduce torque ripples of DFIG. These two methods contain a band-pass filter followed by a lead-lag controller, which increase the design complexity and the computational burden for a DSP-based implementation.
Furthermore, when the DFIG system operates on the unbalanced grid, the double frequency fluctuations of dc voltage should be eliminated to reduce power losses and improve system reliability. In [16] [17] [18] [19] , the reduction of dc voltage fluctuates was discussed. The commanded current values for the GSC were calculated according to the real-time oscillating terms of either the rotor active power [16] or the stator active power [17] . By these coordinated strategies, the dc voltage fluctuates can be suppressed. However, the operation performance is highly dependent on the accuracy of the negative sequence current calculations based on the real-time power information from the RSC. To avoid these reference calculations, a direct power control strategy for DFIG systems was proposed in [18] , where the electromagnetic power induced from the stator side was injected into the dc voltage control loop as a feed-forward term. However, in these coordinated strategies, the GSC requires the power information from the RSC, which means the RSC and GSC should be integrated into a whole, which is not beneficial for the independent operation of DFIG systems. In [19] , a dc capacitor current control method using a negative sequence resonant controller was applied to the GSC control scheme, in which the dc voltage fluctuates can be reduced without additional hardware and power information from the RSC. However, the differential term of the dc voltage V dc is involved in this method, which can amplify the high frequency noises and reduce the signal and noise ratio. Thus, it is necessary to investigate an entire control scheme to implement an independent operation with less computational burden and less system complex for DFIG systems under unbalanced grid voltage conditions. This paper presents an independent control scheme using resonant feedback compensators for the RSC and GSC under unbalanced grid voltage conditions. This paper will be organized as follows. First, Section II describes the typical performance of DFIG-based systems under unbalanced grid voltage conditions. Then, the control schemes for both the RSC and GSC, using resonant feedback compensators in the positive synchronous reference frame, are introduced in Section III. The control performance analysis, containing the rejection capabilities and the dynamic responses, is given in Section IV. Experimental results are presented in Section V. Finally, Section VI summarizes the conclusions.
II. MATHEMATICAL MODEL OF THE DFIG SYSTEM
In a DFIG-based generation system, the primary objective of the RSC is to control the average value of the stator active and reactive powers and the GSC keeps the dc voltage at a constant value. Since the detailed model of both the RSC and GSC under unbalanced grid condition has been studied in [6] , [18] , [21] - [22] , a brief description is directly given in this section.
A. RSC (DFIG) Model
The DFIG equivalent circuit in the positive synchronous dq + reference frame is shown in Fig. 2 , where the stator and rotor flux linkages can be expressed as, respectively
where ψ is the flux, I is the current, (4) where U is the voltage, R s and R r are stator and rotor resistances, respectively, ω 1 is synchronous angular speed, ω r is rotor angular speed, and ω sl = ω 1 − ω r is slip angular speed. From (1) to (4), the rotor voltage in the dq + reference frame can be expressed as
where
is the leakage factor, and E rdq is the equivalent rotor back electromagnetic force and given
Under unbalanced grid voltage conditions, the stator active and reactive powers can be expressed as [6] , [18] S s = P s + jQ s = 1.5 U + sdq ×Î + sdq (7) where superscripts ࢳ represents the conjugate complex, S s , P s , and Q s represent the stator apparent, active and reactive powers, respectively
where superscripts + and − represent the positive and negative synchronous reference frame, subscripts + and − represent the positive and negative sequence components, P sa , P ss2 , and P sc2 represent the average, sine and cosine components of the stator active power, and Q sa , Q ss2 , and Q sc2 represent the average, sine and cosine components of the stator reactive power, respectively. Similarly, the electromagnetic torque can be expressed as [6] , [18] 
where n p represents number of pole pairs, Re represents the real part, and T e represents the electromagnetic torque
where T ea , T es2 , and T ec2 represent the average, sine and cosine components of the electromagnetic torque, respectively.
B. GSC Model
Under unbalanced grid voltage conditions, the GSC can be modeled by considering both the positive and negative sequence components, which is similar to the grid-connected voltagesource converter (VSC) [21] , [22] . Thus, the GSC output voltage U + gdq can be represented in the positive synchronous dq + reference frame as follows:
where U is the voltage, I is the current, subscripts g represents the GSC, and R g and L g are the GSC input inductance and resistance, respectively. In addition, the GSC active and reactive powers can be expressed as [21] , [22] (13) where S g , P g , and Q g represent the GSC apparent, active and reactive powers, respectively
where P ga , P gs2 , and P gc2 represent the average, sine and cosine components of the GSC active power, and Q ga , Q gs2 , and Q gc2 represent the average, sine and cosine components of the GSC reactive power, respectively. According to Fig. 1 , when the power loss in both the RSC and GSC is ignored, the power flowing into the dc capacitor can be expressed as
where P e = P s + P r refers to the electromagnetic power, and P r refers to the rotor power delivered from the GSC to the RSC. It can be seen that not only the GSC power oscillations but also the power flow between the RSC and GSC can lead to the dc voltage fluctuates. 
III. PROPOSED CONTROL STRATEGY OF THE DFIG SYSTEM

A. General Description
In order to avoid the complex reference calculation and sequential decomposition, Fig. 3 presents the overall schematic diagram of the proposed control scheme based on the resonant feedback compensators to implement the independent operation of the RSC and GSC. As can be seen, the proposed control strategy consists of two regulators: 1) a current PI controller; and 2) a resonant feedback compensator. The control strategy is implemented in the positive sequence voltage oriented dq + reference frame, where the fundamental frequency components behave as dc signals, and the negative sequence components are converted into ac signals pulsating at 2ω 1 . In Fig. 3 , the PI controllers are used to regulate dc signals, and the resonant feedback compensators, consisting of resonant regulators, as illustrated in [12] and [18] , can provide an infinite gain at the double fundamental frequency. It should be noted that the resonant regulators are sensitive to frequency variations, which may degrade the control performance on the frequency variation condition. An adaptive resonant regulator was proposed in [23] and [24] , in which the resonant frequency can be updated based on the frequency information detected by the phase-locked loop (PLL). Besides, a resonant-based PLL, as shown in [18] and [25] , was introduced to achieve an accurate and rapid track for the network frequency and phase angular under unbalanced grid voltage conditions.
For the RSC, the PI controllers are used to regulate the average stator active and reactive power and the resonant feedback compensators are designed to achieve four different control targets, i.e., balanced stator current, sinusoidal rotor current, smooth stator active and reactive powers, and constant generator torque. The measured currents and the calculated powers and torque can be directly set as the input of the resonant feedback compensators. Thus, the sequential decompositions and the complex calculations for the negative sequence rotor current references in the proposed control strategy can be avoided.
For the GSC, the PI controllers are employed to regulate the GSC average active and reactive powers for a constant dc voltage, while the resonant feedback compensators are used to reduce the dc voltage fluctuates and remove the GSC reactive power oscillations. The dc voltage V dc and the GSC reactive power Q g are directly used as the input of the resonant feedback compensators. As can be seen, no power information needs to be transferred from the RSC to the GSC in this proposed control strategy. Thus, an independent operation of the RSC and GSC can be obtained for DFIG systems under unbalanced grid voltage conditions.
B. Selectable Control Targets
There are seven signals in the RSC, i.e., P s , Q s , T e , I + rd , and I + rq . Thus, the RSC can be controlled to achieve one of the following control targets [6] , [18] :
Target I: Sinusoidal rotor current with less rotor power losses. Target II: Balanced stator current to ensure balanced heating on the stator windings.
Target III: Smooth stator output active and reactive power feed to the grid.
Target IV: Constant electromagnetic torque to reduce the mechanical stress, and no oscillations in the stator reactive power, simultaneously.
For Target I, the input reference of the resonant feedback compensators in the RSC can be written as
For Target II, the input reference of the resonant feedback compensators in the RSC can be written as
For Target III, since the regulation of active and reactive powers can be achieved by controlling the dq components of the rotor currents, the smooth active and reactive powers are selected as the control target, which is similar to [18] . The input reference of the resonant feedback compensators in the RSC can be written as
While for Target IV, since the d-axis rotor current refers to the active (torque) power components, in order to reduce the torque ripples, the torque can replace the active power in (18) as the controlled variable of the resonant feedback compensators. Besides, in order to smooth the reactive power, the reactive power is still directly controlled by the compensators. Thus, the input reference of the resonant feedback compensators in the RSC can be written as
Similar to the RSC, there are five controllable signals in the GSC, i.e., P g , Q g , V dc , I + gd , and I + gq . Since the GSC can remain a constant dc-link voltage and a unity power factor operation by regulating the d-axis and q-axis currents, the control target for GSC can be designed to suppress the dc voltage fluctuates and remove the GSC reactive power oscillations at the double grid frequency. Thus, the dc-link voltage and the reactive power can be directly controlled by the resonant compensators. Then, the input reference of the resonant feedback compensators in the GSC can be expressed as
Accordingly, the RSC can achieve the different control targets by simply switching the different input references of the resonant compensators on the basis of (16), (17), (18) , and (19) . However, these four control targets are exclusive and cannot be implemented at the same time. In GSC control, the dc-link voltage and the GSC reactive power can remain constant regardless of the selections of the different control targets for the RSC. Finally, the independent operation of DFIG's RSC and GSC can be achieved with no additional hardware and no information exchanges between these two converters.
For the DFIG systems, the selection of the control targets is highly relied on the operational requirements of the generator and the network. For instance, from the viewpoint of the grid, the sinusoidal and balanced stator current contributes to improve the power quality of the point of the common coupling, while from the viewpoint of the generator, the torque ripples are required to be reduced so as to extend the mechanical components lifetime. Thus, the aforementioned control targets are equally important, which can be adopted for different demands under unbalanced grid voltage conditions.
C. System Implementation
According to Fig. 3 
where ω c1 is the cut-off frequency, and k p1 , k i1 , and k r 1 are the proportional, integral, and resonant parameters for the RSC, respectively. Then, the commanded rotor voltage is transferred to the rotor stationary reference frame and written as
where θ s and θ r refer to the stator voltage angle and the rotor angle, respectively.
Similar to the RSC, the controlled voltage of the GSC can be calculated as (25) where C GSC1 is the input reference according to (20) , U P I gdq is the output of the PI controller, and U R gdq is the output of the resonant feedback compensators for the GSC
where ω c2 is the cut-off frequency, k p2 , k i2 , and k r 2 are the proportional, integral, and resonant parameters for the GSC, respectively. As to the GSC, the controlled voltage is transferred to the stationary reference frame as
where θ g refers to the GSC voltage angle.
Finally, on the basis of the modulated voltage reference, shown in (24) and (28), a space vector modulation is applied to produce the required switching signals for the RSC and GSC, respectively.
IV. CONTROL PERFORMANCE ANALYSIS
In the proposed control strategy, the resonant feedback compensators are added to the current control loop so as to achieve the aforementioned control targets, which has an impact on the control performance, including the rejection capabilities of the selected control targets to the unbalanced voltage disturbances and the dynamic responses of the rotor currents to the commanded values. Thus, the rejection capabilities and the dynamic responses of the proposed control strategy under unbalanced grid voltage conditions are quantitatively analyzed in this section.
A. Rejection Capability
Based on (1)-(3), the stator flux linkage in the positive synchronous dq + reference frame can be expressed as If the stator resistance is neglected, (29) can be simplified as
When the stator voltage is aligned with the d-axis of the dq + reference frame, the deferential of the stator flux will be 0. Then, the stator voltage can be written as Fig. 4 (a) and (b) presents the block diagram of the proposed control strategy for the RSC and GSC on the basis of (5), (7), (9), (11), (13), (30), and (31), where C represents the capacitance of the dc capacitor G p1 For Target I, i.e., x = 1, based on Fig. 4(a) , the following transfer functions H RSC1 (s) and F RSC1 (s) can be given by:
As with Target II, i.e., x = 2, from Fig. 4(a) , the transfer functions H RSC2 (s) and F RSC2 (s) can be written as (35a) and (36b). While for Target III, i.e., x = 3, the transfer functions H RSC3 (s) and F RSC3 (s) can be obtained by (36a) and (36b).
As for Target IV, i.e., x = 4, the transfer functions H RSC4 (s) and F RSC4 (s) for the stator reactive power Q s are the same as those of Target III, shown in (36a) and (36b). The transfer functions from the commanded rotor current and the grid voltage disturbance to the torque T e can be expressed as
Similar to the RSC, the controlled variable C GSC1 is determined by both the grid current reference I + * gdq and the grid voltage disturbance U + sd− . Since the bandwidth of the dc voltage loop is much lower, the dc voltage loop has less impact on the 100 Hz component, which means that the dc-voltage loop can be ignored when the rejection capability of grid voltage disturbance is discussed. The overall closed-loop transfer function for GSC is shown as
where H GSC1 (s) is the transfer function from the commanded grid current I + * gdq to the controlled variable C GSC1 , and F GSC1 (s) is the transfer function from the voltage disturbance U + sd− to the controlled variables C GSC1 . In a similar way, the dynamic performance of the overall system is mainly decided by the current loop H GSC1 (s) and the rejection capability is generally determined by F GSC1 (s) 
where G X (s) = G 6 (s) · G 7 (s) for the dc voltage V dc , and G X (s) = G 8 (s) for the GSC reactive power Q g . In order to achieve the selected control targets, the proposed control strategy based on the resonant feedback compensators should have enough rejection capability on negative sequence grid voltage disturbances. The rejection capabilities can be represented by the amplitude responses of F RSCx (s) (x = 1, 2, 3, and 4) and F GSC1 (s). Fig. 5 presents the amplitude responses of F RSCx (s) (x = 1, 2, 3, and 4) and F GSC1 (s), which represent the rejection capabilities of the proposed control strategy to the grid voltage disturbance U + sd− . It can be seen from Fig. 5(a) that the magnitude response at 100 Hz is −37.2 dB with the control Target I with the resonant feedback compensators, whereas it is only −9.1 dB without the feedback compensator. Thus, the proposed control strategy can increase the rejection capability, resulting in the less impacts caused by the voltage imbalance on the rotor current. Fig. 5(b) and (c) exhibits similar responses as Fig. 5(a) , where the magnitude responses decrease to −36.7 dB and −29.5 dB when Target II and Target III are selected, respectively. For Target IV, the transfer function of the negative sequence voltage U + sd− to the stator reactive power Q s is the same as (36b) whose frequency response is given in Fig. 5(c) , while the frequency response of (37b) is shown in Fig. 5(d) where the magnitude response decreases from −4.3 to −33.2 dB when the resonant feedback compensators are employed. For the GSC, Fig. 5 (e) and (f) presents the magnitude responses of (39b), where G X (s) = G 6 (s) · G 7 (s) and G X (s) = G 8 (s), respectively. As can be seen, the magnitude responses decrease to -25.3 dB from −4.4 dB for the dc voltage V dc and to −26.9 dB from 25.6 dB for the GSC reactive power Q g , respectively. Therefore, it can be concluded that the proposed control strategy can significantly improve the rejection capabilities of the grid voltage disturbances and reduce the negative impacts on the DFIG system.
B. Dynamic Responses
It is also important to investigate the dynamic responses of rotor currents with different control targets for the proposed control strategy. Based on the analysis, it is noted that the frequency responses of H RSCx (s) or H GSC1 , shown in (34a), (35a), (36a), (37a), and (39a), represent the dynamic responses of the rotor current. According to [26] , the major difference among the different targets for dynamic responses analysis is highly dependent on the closed-loop gain, such as G 3 (s), G 5 (s), G 6 (s), G 7 (s), and G 8 (s) in Fig. 3 . Since these transfer functions, (34a), (35a), (36a), (37a), and (39a), have similar expressions, for simplified analysis, the dynamic responses of the RSC are investigated in this section. Fig. 6 presents the amplitude responses of H RSCx (s) (x = 1, 2, 3, and4), representing the dynamic responses of the rotor current control loop. Note that if k r = 0 or ω c = 0, it is identically to use a PI controller without resonant feedback compensators. It can be seen that these transfer functions (34a), (35a), (36a), and (37a) have similar amplitude responses as shown in Fig. 6 . Thus, for simplified analysis, this section would investigate the dynamic responses with Target IV set for the RSC, shown in Fig. 6(d) . The cut-off frequency, i.e., the minimum frequency for −3 dB, is 230, 95, 82, and 67 Hz when k r = 0, 5, 15, 30, and ω c = 15 rad/s, respectively. It has the similar amplitude responses that the cut-off frequency is 230, 93, 81, and 66 Hz when ω c = 0, 5, 15, 30, and k r = 15 rad/s, respectively. The conclusions can be summarized that the cut-off frequency with k r variations is close to that with ω c variations if k r is approximately equal to ω c . Besides, the settling time, which is inversely to the cut-off frequency [19] , [26] , might be increased with the proposed method. It should be pointed out that it has a negative impact on the dynamic performance of the rotor current responses, which is a result of the introduced those compensators.
The coefficients k r and ω c should be set as smaller as possible so as to reduce this negative impact. However, resonant peaks appear with a smaller k r and ω c , which may cause the rotor current oscillations near the resonant frequency and even cause the system to destabilize. Therefore, taking both the dynamic performance and the system stability into consideration, the coefficients k r and ω c can be determined to be around 15.
V. EXPERIMENTAL RESULTS
Experimental tests were conducted on a laboratory setup of a 1.5 kW DFIG system, as shown in Fig. 7 , where the DFIG was driven by a squirrel cage induction motor working as the wind turbine. A controllable three-phase power supply was built up to simulate the unbalanced grid voltage conditions [26] . The control strategy is implemented on the TI TMS320F28335 DSPs and the switching frequency is 10 kHz with a sampling frequency of 10 kHz. Parameters and structures of the tested DFIG are shown in Table I and Fig. 8 . The stator active and reactive power into the grid were set as P sa = 1.5 kW and Q sa = 0.0 kVar, respectively. The dc voltage is kept at 300 V.
Since the large inertia of wind turbine results in a larger mechanical time constant than the electromagnetic one and the voltage fault usually lasts for a short period of time, the rotor speed can be assumed to be fixed for the analysis in this paper. The DFIG speed was initially fixed at 800 r/min during the experimental tests, where the synchronous speed is 1000 r/min. All the waveforms are acquired by a YOKOGAWA DL750 scope reader. Fig. 9 shows the steady performance of the conventional vector control under an 80% single-phase grid voltage fault. Note that the conventional vector control, i.e., pure PI, means that the resonant feedback compensators are disabled. As can be seen, the stator current, containing 18.1% negative sequence component, is greatly unbalanced due to the negative sequence voltage disturbances. Since the rotor speed is 800 r/min (0.8 p.u., 40 Hz), the air gap magnetic field, containing the 50 Hz component rotating in the negative direction, would result in 90 Hz (50 + 40 Hz) rotor current harmonic component in the rotor stationary reference frame, which can be regard as the ninth order harmonic component. This ninth harmonic content is around 16.1%. The generator torque ripples are nearly ±5.2%. As also can be seen, the stator active and reactive powers involve 100 Hz oscillations. Furthermore, the dc voltage fluctuates are about ±1.2%. Fig. 10 shows the experimental results of the proposed method with different control targets applied under an 80% single-phase grid voltage fault, and the enlarged view with Target II is shown in Fig. 10(b) to give a better interpretation of the balanced stator currents on the proposed control strategy. In the RSC, the control target is switched to the next control target within 250 ms, while the GSC is controlled to maintain a constant dc voltage and remove the reactive power oscillations. It can be seen that the steady operation of RSC on the different control targets can be achieved. The dc voltage fluctuates are suppressed by the proposed method without any power information from the RSC, and the GSC reactive power oscillations are removed at the same time.
For clear comparisons, the ninth harmonic distortion of rotor current, the unbalance of stator current, the oscillating extent of the stator active and reactive powers, the torque, the GSC reactive power, and the dc voltage are summarized with the resonant feedback compensators disabled and enabled for different control targets in Table II . It is concluded that the experimental results demonstrate the availability and feasibility of the proposed control strategy with the alternative control targets under unbalanced grid voltage conditions.
Since the GSC current references are produced by the dc voltage loop, the dynamic responses of the current loop cannot be clearly seen. Thus, for simplified analysis, the performance with Target IV set for the RSC is tested in the following so as to compare the dynamic performance of the PI + R method [12] and the proposed method with a transient grid voltage unbalance. Fig. 11 (a) and (b) compares the dynamic performance of the PI + R method [12] and the proposed method employed with an 80% single-phase grid voltage dip. It is seen that the torque ripples can be successfully reduced to ±0.9% by these two control schemes. The settling time of the torque is decreased from 50 ms for the PI + R method to 20 ms for the proposed method. It is evident that the proposed method can behave much quicker with a transient voltage unbalance. The reason is that both the sequential decompositions and the reference calculations in the PI + R method [12] involve the time delay, resulting in a relatively slow dynamic performance. Fig. 12 shows the experimental results of the DFIG operation from the subsynchronous state to the supersynchronous state with an 80% single phase fault, where the RSC and GSC is controlled to reduce the torque ripples and the dc voltage fluctuates, respectively. Furthermore, an enlarged view around the synchronous speed is shown in Fig. 12(b) to give a clear interpretation of the DFIG system performance on the proposed control strategy. During this process of the rotor speed accelerating from 800 r/min (0.8 p.u.) to 1200 r/min (1.2 p.u.), the proposed control strategy can achieve a smooth performance, where the torque and dc voltage remain nearly constant. The results verify that the proposed control strategy can provide a satisfactory dynamic response with the rotor speed changing under unbalanced grid voltage conditions.
From the experimental results, it can be clearly concluded that the selectable control targets for the RSC and GSC can be achieved under unbalanced grid voltage conditions when the resonant feedback compensators are used. It is not necessary to decompose the positive and negative sequence components and calculate the negative sequence current references. However, these control targets are independent and exclusive, which can be achieved at the same time.
VI. CONCLUSION
An independent and reinforced operation for DFIG systems under unbalanced grid voltage conditions has been investigated in this study. Detailed designs of the proposed control strategy are presented. The experimental results on a laboratory setup of the 1.5 kW DFIG system validate the effectiveness of the proposed control strategy. For a clear statement, the following conclusions can be summarized:
1) An entire control scheme for both the RSC and GSC under unbalanced grid voltage conditions is presented. Four control targets for the RSC and one for the GSC are identified and achieved, respectively, where the sequential decompositions of the positive and negative sequence components are not required. 2) The proposed control strategy can provide a relatively simple implementation with less computational load and less system complexity. By this means, it is not necessary to calculate the negative current reference on the basis of the generator parameters. This advantage means that the proposed control strategy is less dependent on the generator parameters.
3) The proposed control strategy can provide an independent control for the RSC and GSC. The GSC has nothing to do with the power information from the RSC. This control strategy is much more suitable for the DFIG converters with a modular structure.
